Abstract The feasibility of the electro-Fenton process to generate simultaneously both of the Fenton's reagent species (Fe 2+ /H 2 O 2 ), was assessed as a potentially more economical alternative to the classical Fenton's reaction to produce reclaimed water. An air-saturated combined wastewater (mixture of municipal and laboratory effluents) was treated in discontinuous and continuous reactors at pH = 3.5. The discontinuous reactor was a 2 L electrochemical laboratory cell fitted with concentric graphite and iron electrodes. The continuous reactor tests used a pilot treatment system comprising the aforementioned electrochemical cell, two clarifiers and one sand filter. Several tests were carried out at different conditions of reaction time (0-60 min) and electrical current values (0.2-1.0 A) in the discontinuous reactor. The best operating conditions were 60 min and 1 A without filtration of effluents. At these conditions, in discontinuous and continuous reactors with filtration, the COD, turbidity and color removal were 65-74.8%, 77-92.3% and 80-100%, respectively. Fecal and total coliforms, Escherichia coli, Shigella and Salmonella sp. were not detected at the end of the pilot treatment system. Electrogeneration of the Fenton's reagent is also economical; its cost is one-fifth the cost reported for Advanced Primary Treatment.
Introduction
Advanced primary treatment (APT, coagulation-flocculation-sedimentation) and sand filtration are processes used to produce reclaimed water. The APT efficiently removes most of the organic and inorganic pollutants found in wastewater and, at the same time, preserves the dissolved nutrient content (N, P and C). The APT also shows low hydraulic retention times compared with the values applied for biological processes (Jimenez et al., 1998) . Nevertheless, APT is not very efficient in removing micro-organisms and the costs of reactants (coagulants, flocculants additives) are relatively high. Therefore, more economical alternative processes or reagents must be found to efficiently remove organic, inorganic and microbiological pollutants, as may be the case with Fenton's reagent. Fenton's reagent or the Fenton method can be classified as an APT variant, consisting of the coagulation-flocculation processes with a simultaneous advanced oxidation stage.
Fenton's reaction involves two components, a catalytic chemical species or an induced photo-catalysis and a chemical oxidant. The catalyst can be Fe 2+ or Fe 3+ and the oxidising agent commonly used is H 2 O 2 (Sawyer, 1997) for the classical Fenton's reaction. As a result of this reaction, hydroxyl radicals (HO • ) and other organic radicals (R • ) are produced to facilitate the oxidation of organic compounds.
Fenton's reaction began to be used at the end of the 1970s for the treatment of non biodegradable or recalcitrant organic compounds, such as herbicides (Huang et al., 1993) . It is also effective in the treatment of very hazardous liquid wastes such as "old" or stabilised landfill leachates (Ramírez-Zamora et al., 2000) . Ramírez-Zamora et al. (2002a , 2002b have also shown that this process is technically feasible to produce reclaimed water for agricultural reuse. They have found that unlike to APT, Fenton's reagent does not reconcentrate pathogens in the resultant sludge.
In spite of the high efficiency of Fenton's reagent in removing a great variety of pollutants, this method is very expensive, compared with the classical coagulation-flocculation process, especially if the flow rate (25 m 3 /s) of wastewater produced and to be treated in Mexico City is considered. To overcome this disadvantage, several studies have recently proposed the electrogeneration of either Fe 2+ or H 2 O 2 , but not both at the same time, to treat synthetic or industrial wastewaters by Fenton's reaction (Brillas et al., 2000; Lin et al., 2000) .
Based on the foregoing, the aim of this research was to develop an electrochemical technique to simultaneously produce in situ both Fenton's reagent species (Fe 2+ /H 2 O 2 ), as a more economical alternative to the classical Fenton's reaction to produce reclaimed water. At present, the literature does not report any project related to the simultaneous electrogeneration of Fenton's reagent, especially to produce reclaimed water for agricultural or industrial reuse or as a pretreatment of a wastewater treatment train for aquifer recharge.
Methods and materials

Experimental system
The discontinuous reactor or electrochemical cell used in the electro-Fenton tests and the reactions involved are shown in Figure 1 . The electrochemical cell was constructed in a 2 L glass vessel containing a hollow cylindrical iron anode (98% purity) with an effective surface of 289.4 cm 2 and a cylindrical solid graphite cathode placed at its centre (effective surface 35.8 cm 2 ). Márquez Verástegui (2002) found that the Faraday's yield of this cell was 83% with regard to the production of Fe 2+ ions. In order to assure oxygen saturation in the aqueous phase, air was supplied at the bottom of the vessel. A magnetic stirrer was employed to homogenize the aqueous and gas phases. A direct electrical current, ranging from 0.2 to 1.0 A, was applied to both electrodes by means of a CENCO power electric supply.
The continuous reactor tests were carried out in the pilot treatment system (Figure 2 ). The operating conditions for the cell were determined in the discontinuous reactor stage and then the pilot treatment system was set up as a continuous reactor. 
Raw wastewater tested
Raw wastewater was collected at the wastewater treatment facilities (WWTF) of the National Autonomous University of Mexico (UNAM). This wastewater is called in this work as a combined wastewater since the WWTF collects the effluents of the UNAM including administrative, educational areas and research laboratories and also the effluents of an urban population neighbouring the campus. Some physicochemical characteristics of the raw wastewater used in this work are shown in Table 1 .
Experimental procedure
Two types of tests were performed in the experimental work: 1) Experiments in the discontinuous reactor to obtain the best experimental conditions for the electrochemical cell to remove some physicochemical parameters such as chemical oxygen demand (COD), turbidity and colour, without a subsequently sand filtration; and 2) Complementary tests in discontinuous and continuous reactors, the former to evaluate the influence of a sand filtration process on the results obtained in the first stage and the latter to determine the removal of microbiological parameters under the best experimental conditions in continuous mode. The experimental procedure in each stage was as follows. The pH of raw wastewater was previously adjusted to 3.5 with sulfuric acid according to results obtained in other works (Ramírez-Zamora et al., 2000; Durán Moreno et al., 2002) . For all the tests, the electrochemical cell was filled with 1.8 L of raw wastewater. Raw wastewater was then aerated for 30 min before each test and during the whole electrogeneration experiment to prevent a dissolved-oxygen deficit. For the first experi- mental stage, a direct electrical current was applied to the graphite and iron electrodes at values ranging from 0.2 to 1 A. Currents stronger than 1 A were avoided since these allow iron deposition on the graphite electrode surface. Aqueous samples of 20 mL were collected at several reaction times up to 1 hour. At the end of each reaction time and after two hours of settling, for the first experimental stage COD, colour and turbidity determinations were measured in the samples of clarified treated wastewater. In the second experimental stage, in the discontinuous reactor, 500 mL samples of clarified wastewater, obtained by the previous method at 1 A and 30 min of reaction time, were collected and filtered through conventional filter paper in order to simulate a sand filtration step. In the continuous reactor, the raw wastewater was constantly fed by a peristaltic pump to the cell and the effluent from this reactor was consecutively fed to two clarifiers and one sand filter. For these effluent samples, besides COD, turbidity and colour, microbiological parameters such as fecal and total coliforms, Escherichia coli, Shigella and Salmonella sp. were also quantified as indicators of the efficiency of the electro-Fenton process.
Analytical methods
The physicochemical and microbiological analyses followed the Standard Methods for the Examination of Water and Wastewater (APHA et al., 1998) . COD was measured with a 2100 Hach spectrophotometer. Turbidity was quantified by means of an ORBECO-HEL-LIGE Mod. 966 turbidimeter. Colour was determined on a HANNA HI93727 colorimeter. All the experiments and analyses were performed in duplicate.
Results and discussion
Experiments in discontinuous reactor to obtain the best experimental conditions of the electrochemical cell
The COD removal at different electrical current values was represented as a function of the reaction time ( Figure 3) .
As it can be seen in these curves, the removal efficiency of COD increased as the reaction time and the electrical current values increased. This increase was more marked over the range of 0-30 min of reaction time and 0.2-0.6 A of current. Higher values of these operational parameters do not significantly improve COD removal. The best COD removal (65%) was obtained at 60 min and 1.0 A. At these conditions, the efficiency of this process, expressed as the amount of oxidising agent required to remove 1 mg of COD, has been calculated as 0.177 mg H 2 O 2 . This value is similar to the 0.167 mg O 3 /mg COD reported for the ozonation of wastewater by Langlais (1991) .
Theoretically, the same quantity of Fenton's reagent species could be obtained by an infinite number of combinations of reaction time and electrical current. For instance, a (Figure 3) showed significant differences between the two conditions. An electrical current of 0.2 A allows a COD removal of 10%, at 21.3 min of reaction time. In contrast, with 4.3 min of reaction time and an electrical current value of 1.0 A, the COD removal obtained was almost twice bigger (19%). This difference could be attributed to the slow value of the reaction rate constant between Fe 2+ and H 2 O 2 (k = 51 M -1 s -1 ) and to the reaction time needed to produce these reagents. Hence, a reaction time of 4.3 min and 1.0 A will produce Fenton´s reagent and, as a consequence, hydroxyl radicals (oxidizing agent) faster than a reaction time of 21.3 min and 0.2 A, even if both operating conditions generate the same quantity of Fenton's reagent.
Turbidity followed a more complex pattern ( Figure 4a) ; at low electrical currents and short reaction times, the turbidity values increased (negative removals). It is necessary to remember that in these experiments all analyses were performed without filtration of aqueous samples. The augmentation of turbidity may indicate that the concentration of ferric ions issued from the Fenton's reaction at these currents was not enough for an efficient floc formation in the coagulation-flocculation process, so that some flocs, formed at low currents were too light and did not settle easily.
Another possible explanation is that in the raw wastewater there may be present chemical species that can be reduced or oxidized more easily than the oxygen or iron. This would cause an extra consumption of current that does not generate the reactive species required for the Fenton's reaction. At low amperages, longer reaction times (e. g. 60 min at 0.2 A), did not necessarily decrease turbidity. At higher amperage, 80% of the turbidity was removed after one hour of reaction. Notice that the higher the current value is (from 0.6 to 1A), a shorter time is required to achieve a positive value for removal. At these currents, the production of ferric ions is sufficient to induce rapidly the coagulation-flocculation process. The best current to decrease turbidity was 1.0 A; after 14 min of reaction time the turbidity removal efficiency was positive reaching a maximum of 77% at 60 min.
A similar trend was observed for colour removal (Figure 4b ). Poor color removal efficiencies were obtained for 0.2 and 0.6 A. In contrast, at 0.8 and 1.0 A there were two phases: from 0 to 21.3 minutes, colour increased in the treated wastewater until it reached a maximum value; after about 22 minutes and, at the end of one hour, the residual values of this parameter were practically zero. The colour increase in the first phase was attributed to the formation of ferric ion which gives a light-brown colour to the water. As with the turbidity, colour was measured without filtration of aqueous samples. Complementary tests in discontinuous and continuous reactors to determine the removal efficiency of physicochemical and microbiological parameters at the best experimental conditions of the cell a) Discontinuous reactor. In complementary tests performed at 1.0 A and pH = 3.5 ( Figure  5 ), all samples were filtered before analysis. The curve of COD removal showed a similar trend to the one obtained in the first experimental tests in discontinuous reactor. COD removal has not been influenced by the filtration of samples. In contrast, the curves of turbidity and colour removal show two stages, as for the not filtered samples. In the first stage, ranging from 0-7 minutes, the residual values of colour and turbidity are higher than the ones quantified for raw wastewater. In the second stage, from 8 to 60 minutes, removal efficiencies increased sharply, especially from 12 to 20 minutes, and attained a maximum at 60 minutes. Under these experimental conditions, the removal efficiencies of COD, turbidity and colour were 70%, 77% and 80%, respectively. These removal efficiencies produced an effluent with the following physicochemical characteristics: COD = 61.6 mg O 2 /L, turbidity = 3.2 NTU and colour = 38.8 Pt-Co Units.
b) Continuous reactor. The residual values (Table 2 ) for some physicochemical parameters at different treatment stages of the pilot system and operation times (2, 4 and 6 hours) were similar to those obtained in the discontinuous reactor under the same operating conditions of the electrochemical cell.
None of the microbiological indicators was detected at the end of the treatment (Table  3) . These results are similar to the values reported for another combined wastewater treated by the classical Fenton's reagent and they are better than those obtained for the APT with aluminum sulphate (Ramírez Zamora et al., 2002b) .
In terms of the parameters measured, the effluent met the limits proposed either by the Mexican legislation (NOM-003-ECOL-1997) or by the USA reuse regulations and guidelines (EPA, 1992) for reclaimed water for unrestricted urban or irrigation purposes.
The electro-Fenton process is also economical, costing US $ 0.05/m 3 , or one-fifth the cost (US $ 0.27/m 3 ) reported by Water Factory 21 (Orange County Water District, USA) for their advanced water treatment plant at maximum capacity using lime clarification, recarbonatation, multimedia filtration, and chlorination. Hence, the electro-Fenton method can be a feasible treatment, from the technical and economic points of view, in the production of reclaimed water.
Conclusions
This work has shown that in an electrochemical cell with graphite and iron electrodes, it is possible to produce simultaneously both chemical species that compose Fenton´s reagent. The most efficient removal of COD, turbidity and colour was obtained in continuous reactor at 60 min of reaction time and 1.0 A (74.8%, 100% and 92.3%, respectively). None of the quantified microbiological indicators were detected at the end of the treatment. This last result shows the electro-Fenton process as a very successful process to remove pathogens, which are the most important problem for the reuse of treated municipal wastewater for aquifer recharge or agricultural purposes, since these pollutants represent the main cause of waterborne diseases in Mexico.
The electro-Fenton process avoids the need to store and use expensive H 2 O 2 and ferrous solutions, and should be a technically and economically feasible advanced treatment process for the production of reclaimed water, with applications in the treatment of industrial wastewater for reuse. It must now be evaluated in a large-scale wastewater treatment train for aquifer recharge. 
